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Scanning tunneling microscopy studies have been performed on GaAs homoepitaxial films grown 
by molecular-beam epitaxy. After an initial transient regime, indicated by reflection high-energy 
electron diffraction oscillations, the system evolves to a dynamical steady state. This state is 
characterized by a constant step density and as such the growth mode can be termed generalized step 
flow. 
Thin film deposition has become a critical technology 
for the advancement of modern electronics. A large number 
of artificial heterostructures have been produced by using 
various growth techniques. Molecular beam epitaxy (MBE) 
is particularly important because it affords monoatomic layer 
thickness control over films growing from the vapor phase at 
relatively low temperatures under supersaturation 
conditions.’ With careful choice of the growth parameters to 
control the surface kinetics, one can create multilayered 
structures in which individual layers maintain their chemical 
integrity and form compositionally abrupt interfaces with 
one another. 
ers. By examining scanning tunneling microscopy (STM) 
images of the surface quenched at different points during 
growth, we will show a dynamical growth mode transition 
from layer to layer in the initial stages to a steady state char- 
acterized by a highly ramified geometry and a constant den- 
sity of steps. The interface width remains relatively constant 
throughout this evolution. 
Crucial to the perfection of the sample surface is the 
growth mode of the film. MBE growth is typically charac- 
terized by two types of two-dimensional modes: layer-by- 
layer and step flow. The controlling parameter which distin- 
guishes these modes is the ratio of the typical separation 
between nucleating islands and the average terrace width. If 
the island separation is greater than the terrace width, the 
growth will be by step flow. Conversely, if the island sepa- 
ration is smaller than the terrace width, the growth will in- 
volve island nucleation and coalescence. The transition be- 
tween these modes can be controlled by altering the growth 
rate, As/Ga flux ratio, substrate temperature, or the sample 
miscut. 
The experiment consists of initiating growth from a re- 
covered surface and then terminating deposition at a specific 
point during the growth process and transferring in situ into 
the STM. The quench procedure has been described 
previously. 59 This process is then repeated for various termi- 
nation points. Because the samples are removed from the 
STM for regrowth, no direct comparison can be made be- 
tween any specific feature in the progression of the images. 
We have imaged the surface at multiple sites on multiple 
samples and the images shown are representative of the sur- 
face on a scale less than 0.5 ,um. 
In this letter we concentrate on conditions in which 
growth initiates in the layer-by-layer mode. One signature of 
this mode is the observation of reflection high-energy elec- 
tron diffraction @HEED) intensity oscillations. These oscil- 
lations indicate a temporal cycle of island formation and coa- 
lescence on the surface.2-4 Additionally, when beams 
scattered from adjacent layers are in phase, these intensity 
oscillations have been shown to be well correlated with the 
step density5 on the growing surface.6V7~‘2 This can be under- 
stood by noting that diffuse scattering occurs predominately 
at steps so that with the terrace interference removed by be- 
ing at the Bragg diffraction condition, the RHEED specular 
intensity should vary inversely with the diffuse scattering or 
step density. 
Deposition was performed in a standard ultrahigh 
vacuum system, base pressure 7X10-” T. Effusion cells 
were used to produce both the Ga and As4 fluxes. Commer- 
cial GaAs(OO1) substrates were first chemically cleaned then 
loaded in the vacuum system where the oxide was removed 
at 580 “C under an As4 flux. Prior to the experiments a 300- 
nm-thick buffer layer was grown. The substrate temperature 
during deposition was 555 “C. The As to Ga pressure ratio 
was 15 and the deposition rate was 0.18 ,um/h. The sample 
miscut as determined by STM was approximately 0.15”. The 
direction and magnitude of the local vicinality was found to 
vary appreciably. 
We have previously published STM data contrasting the 
morphology of the film surface at it evolves from a RHEED 
maximum to a RHEED minimum.* To summarize, the sur- 
face quenched at an intensity maximum shows a low density 
of monolayer holes and islands occurring in approximately 
equal numbers, while the surface quenched at a RHEED 
minimum shows many two-dimensional islands on the ter- 
races and no holes. This is exactly the morphological pro- 
gression expected for layer-by-layer growth. 
The goal of this letter is to understand the origin of the As the deposition continues, the RHEED oscillations de- 
decay in the amplitude of RHEED intensity oscillations. In cay. Figure l(a) shows the surface after 60 monolayers have 
accord with the step density model, for the oscillations to die been deposited and the RHEED oscillation amplitude has 
out the density of steps must evolve to a constant. What is decayed to less than 5% of its original value. The surface 
the corresponding surface morphology for this steady state? displays a complicated geometry where the terrace edges 
It was suggested’ that the decay of the oscillations was due have become so ramified that the vicinality of the sample is 
to an increase in surface width or number of incomplete lay- difficult to recognize. Figure l(b) shows the surface after 
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FIG. 1. S T M  images of C&Ah deposited on a GaAs(OOl) buffer layer, The 
size of all images is 200 nmx3i) nm. The tunneling voltage (V,) was +2.X 
\\ applied to the sample, and the tunneling current (l,j was SO pA. (a), (bj, 
tcj;), and id,l were taken after deposition of 60, 1.20, 2411, and 1451) monolay- 
err;, respcctirely~ 
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deposition of 120 monolayers. The surface in Fig. l(a) has 
coarsened RO much that it starts to nucleate two-dimensional 
islands on top of the terraces. Nevertheless, the overall mor- 
phology remains flat, with about four layers present. The 
STM images obtained after depositing 240 and 1450 mono- 
layers [Figs. l(c) and l(d), respectively] show essentially 
identical topography to that of the 120 monolayer film. Sur- 
prisingly, further growth has uot increased the rms surface 
roughness on the length scale of these images @ IO nm). This 
is consistent with observations of large scale features in films 
grown by MBE.ll l After the growth has reached 120 mono- 
layers, the interface width of the surface increases extremely 
slowly? and the step density remains constant, see Fig. 2. 
This points to a central feature of the daea, that is the decay 
of the oscillation amplitude has occurred ~+Grllul~r an increase 
in the interface roughness. Further, the morphology has 
achieved a steady state configuration, through a balance of 
island nucleation and coalescence, and terrace step flow. This 
sur~~c morphology evolves with a constant step density. 
FIG. 2. (a) rms roughness iin nm) of the surfaces as a function of deposition 
time (monolayer units). The rms roughness is defined as 
where It, is the height and the sum is over a 200 nmXN0 nm arca. (1,) Plot 
of the surface step densities (in units of 1W’ nm ‘) as a function of thick- 
nesses iin monolayers). The modified step density excludes the contribution 
from small holes less than 5 nm in diameter. The dashed line represents the 
step density of the starting surface. 
The possibility e?rists however, that eve.n traditional step flow 
growth is characterized by a more complicated dynamics 
than the uniform progression of a regular step train. 
The growth of the film has changed from the initial 
layer-by-layer mode to something rather different. It is im- 
portant to note that the film surface is still two dimensional 
and that the substrate temperature and sample miscut have 
remained constant throughout the deposition. In other words, 
the growth mode has been dynamically altered. This new 
mode is characterized by a balance of island coalescence, 
hole occlusion, and terrace propagation in just the proper 
combination so that the step density remains constant in 
time. We propose that this new mode be termed gettmdiz~d 
step $OM? due to the constancy of the step density. This new 
mode should be contrasted with growth without the nucle- 
ation of islands, the traditional step flow mode, which is 
exppected to have a much more uniform  surface morphology. 
What is the physical mechanism responsible for the sur- 
face evolving to one with a constant step density? In this 
steady state all length scales up to a given size are 
represented.” When an atom is deposited in a random posi- 
tion on the surface, the probability that it will combine with 
other adatoms to nucleate a new island is a function of the 
distance to the nearest step, either island or terrace. The 
closer the step, the less likely it will be for the adatom to 
nucleate a new island instead of being incorporated into the 
step. If the adatom nucleates an island then it creates step 
density where there was little before, and if it reaches a step 
edge then step density is either decreased or unchanged. Step 
density is decreased during hole occlusion and island coales- 
cence and remains unchanged for propagation of terraces. By 
these competing processes the system has a self-regulating 
mechanism that keeps the step density constant on a large 
scale. 
The important quantity to determine in order to study 
this mechanism is the distance an adatom must travel to 
reach the nearest step. We have examined the data in the 
following manner: for every point on the surface we find the 
distance to the nearest step, d, by examining outwardly in 
concentric circles. This is similar to the trajectory of a ran- 
dom walking adatom, which on average will fill a circular 
area with a radius proportional to 6. We find C&--U 
nm to be quite constant (2.8, 3.1, 2.4, and 2.7 nm! from 
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FIG. 3. STM image c?f 02S monolayers deposited on a GaAs(tlOl j buffer 
layer. The scan range is 200 nmYZOO nm. The tunneling voltage (V,) was 
+2.8 V, applied to the sample, and the tunneling current (I,) was X0 pA. The 
average distance between nucleating islands, CT is measured by counting the 
number, n of islands in a given area, L’, i.e., (7 - \m. 
images obtained from 120, %C), 54i& and 1450 layers, re- 
spectively. The specific step arrangements are different, how- 
ever the same length scale is found for each surface. 
We now seek to relate this distance & to a length scale 
set at the onset of deposition. One way to measure such a 
characteristic distance is to determine a, the island spacing 
during the initial stages of growth on a singular substrate.” 
Figure 3 shows an STM image of 0.25 monolayer film de- 
posited at S5S “C on a buffer layer with a miscut of 11.15”, 
The. small bright dots are islands all of which are larger than 
four (2X4) unit cells or 32 Ga atoms. We measure cr by 
counting the number of islands, n in a given area L” so that - 
D = ~L”/n; we find CT-l&5+2.0 nm. 
The growth mode transition follows from the relation- 
ship between (T and (i. Initially C? is very large, (c?~~-~P~S nm) 
as the surface is nominally singular. As the growth proceeds 
by island formation 2 oscillates with large amplitude. How- 
ever, additional step length is generated during growth and 
the amplitude decreases. When d becomes time invariant and 
smaller than c&,‘~ the growth mode changes from island 
nucleation and coalescence to a generalized step flow. With 
further growth d remains constant. From our data ~),=2.8 
nm and ~~/4=4.1 nm which shows very good agreement with 
the prediction ~?,Sa/4. 
Although this growth mode does not allow one to predict 
the details of the complicated steady state surface morphol- 
ogy [Figs. l(b)--l(d)], it does support a prediction about the 
asymptotic step density of a surface growing in this mode. A 
simple geometric model of a surface comprised of a rectan- 
gular array of terraces spaced so that the conditions of the 
generali.zed step flow are met will have a surface step density 
p, given by p==2/rr. From our data, with (r= 16 nm the model 
would predict p=U.‘l25 nm -‘. This can be compared with 
the measured value of asymptotic step density show in Fig. 
2(b). The agreement is very good. Therefore, as a direct con- 
sequence of this growth model, if the early stage nucleation 
properties of a system are known, i.e., tr, then the late stage 
steady state step density is determined. 
In summary, we have found a dynamical transition from 
island nucleation and coalescence to step flow growth and 
have measured a characteristic distance for the surface in the 
steady state which quantifies the tendency of the system to 
maintain a constant step density. However, this type of 
growth is not what is conventionally called step flow, i.e., a 
uniform progression of the steps across the surface. This 
classic step flow occurs when the substrate has a sufficient 
density of steps due to a large miscut, and the adatoms have 
a large enough mobility. The new feature presented here is 
that deposition has dynamically generated a morphology 
with sufficient step density to allow for the change from 
layer-by-layer growth to a generalized step flow growth 
mode. The model also provides a connection between the 
early stage nucleation properties and the asymptotic step 
density. 
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